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Transit observations of HD 209458b in the stellar Lyman-α (Lyα) line revealed
strong absorption in both blue and red wings of the line interpreted as hydro-
gen atoms escaping from the planet’s exosphere at high velocities. The follow-
ing sources for the absorption were suggested: acceleration by the stellar radi-
ation pressure, natural spectral line broadening, charge exchange with stellar
wind. We reproduce the observation by means of modelling that includes all
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aforementioned processes. Our results support a stellar wind with a veloc-
ity of ≈ 400 km×s−1 at the time of the observation and a planetary magnetic
moment of ≈ 1.6× 1026 A×m2.
Hubble Space Telescope observations revealed a strong Lyα absorption of 15±4 % (1σ)
during the transit of the exoplanet HD 209458b in front of its host star. This Lyα absorption
significantly exceeded the 1.5% absorption in the visible (1). Shortly afterward, the data were
reanalyzed, and a lower absorption depth of 8.9±2.1% was reported (2), still present in both
blue and red wings of the Lyα line. The frequency f and velocity spectrum of neutral H atoms
along the line-of-sight (LOS) vx are connected through the relation
f = f0 + vx/λ0, (1)
where λ0 = 1215.65×10−10 m. Absorption in the wings of the Lyα line is a signature of neutral
hydrogen atoms moving with high velocities towards (positive velocities along the LOS) and
away from the star. Several interpretations for the excess absorption have been suggested: es-
caping neutral hydrogen atoms accelerated by the stellar radiation pressure (1), natural spectral
line broadening (3), and energetic neutral atoms (ENAs) (4–6).
In the first scenario, neutral atoms are accelerated by the radiation pressure of stellar Lyα
photons until the acceleration force is balanced by the gravity of the star.
Spectral line broadening arises due to the natural broadening mechanism and the spread
of the particle velocities along the LOS. One must also account for the populations of non-
thermal hydrogen accelerated by the radiation pressure and formed by charge exchange. Their
broadening is non-symmetric and is not described by the Voigt profile, which is the convolution
of the Lorentz and Doppler profiles, as is the case for purely thermal populations.
ENAs are generally produced by charge exchange between ions and neutral atoms. In the
exosphere, charge exchange occurs between high-velocity stellar wind protons and neutral at-
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Table 1. Parameters of HD209458 and HD209458b (7) and some simulation parameters.
Name Symbol Value
Star mass Mst 2.28× 1030 kg ≈ 1.148 MSun
Star age ≈ 4± 2 Gyr
Planet radius Rpl 9.54× 107 m ≈ 0.71 MJup
Planet mass Mpl 1.21× 1027 kg ≈ 1.38 RJup
Orbital distance 7.1× 109 m ≈ 0.047 AU
Inner boundary radius Rib 2.7× 108 m ≈ 2.8 Rpl
Inner boundary temperature Tib 6× 103 K
Inner boundary density nib 2× 1013 m−3
Obstacle standoff distancea Rs 2.76× 108m ≈ 2.9 Rpl
Obstacle widtha Rt 2.86× 108m ≈ 3.0 Rpl
Photoionization rate τpi 6.0× 10−5 s−1
Electron impact ionization rate τei 1.25× 10−4 s−1
Stellar wind density nsw 5× 109 m−3
Stellar wind velocity usw 400× 103 m/s
Stellar wind temperature Tsw 1.1× 106 K
aIn the assumption that the Alfvenic Mach number MA > 1
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mospheric particles moving at thermal velocities. In this interaction, the electron is transferred
to the proton. Because the initial velocities of the particles are almost conserved, the reaction
produces a ”slow” ion and a ”fast” neutral. This mechanism generates ENA coronae around the
Earth and other Solar system planets (8) and should operate in exoplanet systems as well (4).
None of the early studies considered all these effects together. A later work (9) included all
processes, but was still unable to explain the absorption in the red part of the line, which was
recently observed again also for another exoplanet GJ 436b (10). The aforementioned work (9)
includes simplified natural broadening model. They use a Lorentzian broadening profile, that
is derived from the natural broadening of a Maxwellian gas. However, here we have a non-
Maxwellian population of hydrogen atoms. They also use a too coarse velocity grid when
computing the naturally broadened profile. The computation has to be done on a grid that has
much higher resolution to be accurate.
Here we show that the red part of the absorption can be explained by spectral broadening
alone, while the blue part also reflects contributions from radiation pressure and ENAs.
With numerical modelling, we estimate how a neutral hydrogen cloud located in front of
the star would affect the transit Lyα absorption of HD 209458b. Parameters of the system are
summarized in Table 1. The orbit of HD 209458b is almost circular. The simulations were
performed by using a Direct Simulation Monte-Carlo code, which includes neutral hydrogen
atoms and hydrogen ions. The comprehensive description of the model can be found in (11).
The main processes and forces included for an exospheric atom are:
1. Collision with a UV photon which defines the velocity-dependent radiation pressure, self-
shielding (9) is included.
2. Charge exchange with a stellar wind proton.
3. Elastic collision with another hydrogen atom.
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4. Ionization by stellar photons or wind electrons. For a solar-type star, at an orbit of
0.047 AU, the electron impact ionization rate exceeds the photoionization rate by a factor
of two (Table 1) due to a denser stellar wind and thus cannot be neglected (12).
5. Gravity of the star and planet, centrifugal, Coriolis and tidal forces.
In this study we use a velocity-dependent absorption coefficient of photons (13). The photon
absorption rate has the same shape as the stellar Lyα line, so that the strongest acceleration of
neutral hydrogen atoms occurs in the velocity domain between approximately −100 ≤ vx ≤
100 km/s. Self-shielding (9) is also included: in the regions optically thick in Lyα the neutrals
cannot collide with UV photons.
After the hydrogen corona is modelled, the Lyα in-transit attenuation is calculated. Natural
broadening is accounted for at this stage. Doppler broadening is included automatically by
accurately taking into account the velocities of the atoms.
Since HD 209458 is a solar-type star, we assume the solar parameters at 0.047 AU for stellar
wind density, temperature and velocity and use scaled photo- and electron impact ionization
rates from the Sun (12).
Our results show that an extended hydrogen corona exists around HD 209458b. We ex-
pect this to form when strong radiation pressure accelerates neutral hydrogen atoms and moves
them out of the planetary magnetosphere, where they may undergo ionization either by charge
exchange or by stellar wind electrons. Photoionization can occur in the whole non-shielded
atmosphere outside the planet’s shadow. The non-symmetric form of the corona is defined
by radiation pressure, charge exchange and the Coriolis force. Our results show that 1D atmo-
spheric modelling (3) that assumes a symmetric upper atmosphere, should be applied cautiously
above the exobase to highly irradiated exoplanets.
Fig. 1 illustrates the modelled hydrogen cloud around HD 209458b. The coordinate system
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Fig. 1. Left panel: slice of modelled 3D atomic hydrogen corona around HD 209458b. Blue
and red dots correspond to neutral hydrogen atoms and hydrogen ions including stellar wind
protons, respectively. The black dot represents the planet. The white area around the planet
corresponds to the thermosphere below the inner simulation boundary at the height Rib. The
star is on the right. The planetary magnetosphere is represented by an obstacle with a width
Rt and a distance from the planet’s center to substellar point Rs. We assume the atmosphere
of HD 209458b to be dominated by atomic hydrogen at Rib (23, 24). Hydrogen atoms are
launched from the inner boundary assuming a number density nib and a temperature of Tib,
consistent with atmospheric models (18,23). Stellar wind protons are launched on the right side
of the domain and cannot penetrate inside the magnetospheric obstacle. Right panel: llustration
of near-planet geometry.
is centered at the center of the planet, the x-axis points towards the center of mass of the system,
the y-axis points in the opposite direction to the planet’s velocity and the z-axis completes the
right-hand coordinate system. Radiation pressure together with the tidal force lead to a forma-
tion of a cometary-like tail (9,14). One can clearly see the interaction area at the magnetospheric
boundary revealed by enhanced concentration of H+ ions (red dots), where the neutrals under-
went charge exchange. Fig. 2 presents the observed (3) and modelled Lyα spectra with and
without natural broadening normalized by the out-of-transit observation. Broadening plays the
key role in absorption in the red wing of the line (positive vx). This conclusion is in agreement
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with an early study (3), which, however, disregarded ENAs and radiation pressure contributing
to absorption. Additionally, it was based on a 1D symmetric model of the atmosphere, while
the modelled corona around HD 209458b shows significant asymmetry.
Fig. 2. Comparison of modelled and observed (according to Ben-Jaffel and Hosseini (3)) Lyα
spectra at mid-transit. Blue, the observed in-transit profile, normalized by the out-of-transit
profile. Red, the modelled profile, computed including charge exchange, radiation pressure with
self-shielding, photo- and electron impact ionization, and natural broadening. The goodness of
the best fit equals χ2 = 0.081. Green, the same as red, but excluding broadening, χ2 = 0.139.
The abscissa is the hydrogen velocity along the x axis (away from Earth, towards the star). The
region of contamination by geocoronal emission at low velocities is excluded and marked by
the shaded area. On can clearly see that broadening affects both wings of the Lyα line, while
other effects contribute to the absorption mainly on the blue wing produced by atoms moving
away from the star. The details of computing the Lyα attenuation are given in (11).
Finally, Fig. 3 depicts the velocity spectrum of neutral hydrogen atoms along the star-planet
line with two populations of atoms: the left peak shows the ENAs, the right higher peak the
thermal atmospheric atoms.
In the velocity spectrum corresponding to our best fit, the ENA peak is located near−400 km/s
due to a stellar wind (Fig. 3). We do not take into account the effects connected with the forma-
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Fig. 3. The modelled best-fit x-axis (planet-star) velocity spectrum of neutral hydrogen atoms in
front of the star at mid-transit. One can see two hydrogen populations: the thermal population
of the atmosphere (right peak) and the ENAs produced by charge exchange (left peak). The
width of this part of the distribution is proportional to the stellar wind temperature. Note that
the thermal peak is slightly deformed and shifted towards negative velocities by the radiation
pressure.
tion of a bow shock near the magnetospheric obstacle in the supersonic regime. In both cases
when the bow shock is present or absent, there exist an ENA formation region. It is not easy
to distinguish if the estimated plasma parameters are from the undisturbed stellar wind or the
slower and hotter shocked stellar wind. However, the best estimate we have of a 400 km/s indi-
cates that the ENAs are produced in an undisturbed (possibly deviated, but not shocked) stellar
wind. The observation cannot be fitted with lower stellar wind velocities for any plausible plan-
etary magnetic field (11). Because the ENAs maintain the velocity of the protons, fast stellar
wind shifts their location out of the considered velocity range (−200 km/s≤ vx ≤ 200 km/s,
because the observed signal becomes too noisy beyond, see Fig. 2) to avoid overabsorption.
However, ENAs play an important role in reducing the amount of neutrals in the velocity do-
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main of interest, shaping the cloud and contributing to the absorption in the very blue part of
the spectrum. Our search of realistic parameter space led us to conclude that the observations
can be fitted only by using a very narrow and close-in magnetic obstacle with a sub-stellar point
located at ≈ 2.9Rpl from the planet’s center and an obstacle width of ≈ 3Rpl. In the case of
a close-in obstacle, the exosphere interacts directly with the stellar wind. This diminishes the
number of hydrogen neutrals, first, by charge exchange and later by stellar wind electron im-
pact ionization. A stronger intrinsic field shifts the magnetic boundary away from the planet
and effectively protects the atmosphere from these processes. This dramatically increases the
number of neutrals which undergo acceleration by radiation pressure up to−200 km/s and leads
to overabsorption in comparison to the in-transit observation. One should also state we could
only fit the observations by including the self-shielding effect (9,11).
Assuming a dipole approximation, one can estimate the magnetic moment of HD 209458b
using the formula (15)
M =
(
8pi2R6sρswv
2
rel
µ0f 20
)1/2
(2)
Here, Rs is the magnetospheric stand-off distance, µ0 is the diamagnetic permeability of free
space, f0 ≈ 1.22 is a form factor of the magnetosphere, ρsw is the mass density of the stellar
wind, and vrel is the relative velocity of the stellar wind plasma, including the planetary orbital
velocity.
Adopting our best-fit simulation parameters, Eq. 2 yields M ≈ 1.6 × 1026 A×m2 ≈
0.1MJup for HD 209458b, whereMJup = 1.56 × 1027 A×m2 (16). This value corresponds
to the upper boundary predicted by the models of tidally locked close-in exoplanets (16, 17),
atmospheric models (18) and an empirical relationship (19) and is in agreement with the non-
detection of the radio emission from HD 209458b at 150 MHz (20). Proximity of this value
to a dipole field approximation indicates a negligible magnetodisk contribution, which is in
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agreement with the conclusion that HD 209458b probably can not develop a significant mag-
netodisk (15). Our results do not support a larger magnetic moment that exceeds MJup, as
predicted by an energy flux scaling model (21,22).
In summary, our model predicts a fast stellar wind at the time of observation (≈ 400 km/s,
nsw ≈ 5 × 109 m−3), stresses the importance of electron impact ionization in addition to pho-
toionization, and infers a magnetic moment of HD 209458b of ≈10%MJup.
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the influence of changing the parameters.
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The Simulation Algorithm
We model the plasma interaction between the stellar wind and the upper atmosphere of HD 209458b
by applying a Direct Simulation Monte Carlo (DSMC) upper atmosphere-exosphere 3D particle
model. The software is based on the FLASH code written in Fortran 90, which was developed
at the University of Chicago and is publicly available (29). It is fully parallelized by using
the Paramesh library (37), which implements a block-structured adaptive Cartesian grid with
the Message-Passing Interface (MPI) library. The FLASH architecture allows arbitrarily many
alternative subprograms to coexist and to interchange with each other. The code includes mul-
tispecies processing. At the present time it includes two species: these are neutral hydrogen
atoms and hydrogen ions, which seems appropriate for the study of hydrogen-dominated upper
atmospheres of exoplanets.
The application of the FLASH code to the upper planetary atmosphere physics has been
described in detail in previous works (4, 5, 33). Here we summarize the key points related to
the code and describe in detail the calculation of the Lyα absorption. The model includes the
following processes/forces that may act on an exospheric atom:
1. Collision with a UV photon, which can occur if the particle is outside of the planet’s
shadow. According to Hodges (31), a stellar photon can be absorbed by an atom and
then consequently reradiated. This leads to an acceleration of the hydrogen atom away
from the star by radiation pressure. Due to the Doppler shift of the Lyα frequency in
the moving reference frame of an atom, the rate τrp(vr) is radial velocity dependent and
proportional to the stellar Lyα flux at the corresponding shifted frequency.
2. Photoionization by a stellar photon: the reaction H + hν → H+ + e occurs at a rate of τpi
when an exospheric hydrogen atom is outside the optical shadow of the planet. Then the
metaparticle (see below) is removed from the simulation.
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3. Electron impact ionization, which may take place only outside the magnetosphere of the
planet, where the stellar wind is present: H + e→ H+ + 2e. The rate of the reaction τei is
taken from Holzer (12). This reaction is handled numerically similar to photoionization
(see below).
4. charge exchange with a stellar wind proton, which can happen if the hydrogen atom is
outside the obstacle, it can charge exchange with a stellar wind proton, producing an
energetic neutral atom (ENA).
5. Elastic collision with another hydrogen atom.
Fig. S1. Lyα absorption rate dependent on the radial velocity of hydrogen atoms. Positive
velocities denote motion towards the star according to Eq. 5 (see below). Lyα profile of HD
209458 was reconstructed by Brian Wood (43).
For the Lyα absorption and ionization rates (τi) after each time step, for each metaparticle,
a random time is drawn from an exponential distribution with mean τi. The event occurs if
this time is smaller than the time step. Unlike electron impact (τei) and photoionization (τpi)
rates, radiation pressure is velocity dependent and acts only on neutral hydrogen atoms with
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radial velocities falling inside the Lyα acceleration domain (Fig. S1). Depending on the radial
velocity of every hydrogen neutral and the stellar Lyα flux, the corresponding τrp(vr) is chosen.
For correct calculation of radiation pressure one needs a reconstructed Lyα profile, which
represents the Lyα line that HD 209458b would see, without absorption by the interstellar
medium and contamination by geocoronal emission. This contamination is responsible for
the deep gap in a narrow band near the line center (the gap arises after subtraction of a high
radiation peak produced by contaminating atoms (1,3)). Interstellar deuterium absorption must
also be corrected for. The method of profile reconstruction and contamination removal has been
described and successfully used for different stars (42), including HD 209458 (43). The pho-
toabsorption rate is proportional to the Lyα flux at a particular velocity and can be easily calcu-
lated afterwards by multiplication of the Lyα spectrum with the photon absorption crossection
(Fig. S1).
The coordinate system is centered at the center of the planet, the x-axis is pointing towards
the center of mass of the system, the y-axis points in the opposite direction to the planet’s orbital
velocity and the z-axis is parallel to the direction of the angular velocity of rotation Ω. Mpl and
Mst are the planetary and stellar masses respectively. The outer boundary of the simulation
domain is the box xmin ≤ x ≤ xmax, ymin ≤ y ≤ ymax, and zmin ≤ z ≤ zmax. The inner
boundary is a sphere of radius Rib.
Tidal potential, Coriolis and centrifugal forces as well as the gravitation of the star and
planet acting on a neutral hydrogen atom are included following Chandrasekhar (28):
dvx,y,z
dt
=
∂
∂x, y, z
[
1
2
Ω2
(
x2 + y2
)
+ µ
(
x2 − 1
2
y2 − 1
2
z2
)
+
(
GMst
R2
− MstR
Mpl +Mst
Ω2
)
x
]
+ 2Ω(x,y,z)l3vl (1)
Here vx,y,z are the components of the velocity vector of the particle, G is Newton’s gravita-
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tional constant, R is the distance between the centers of mass of the star and the planet, (x,y,z)l3
is the Levi-Civita symbol, and µ = GMst/R3. The first term on the right-hand side of the
Eq. 1 represents the centrifugal force, the second is the tidal-generating potential, the third is
the gravitation of the planet’s host star and the planet, and the last term stands for the Coriolis
force. The self-gravitational potential of a particle is neglected. Tidal force leads to the exten-
sion of the atmosphere towards and away from the host star and in extreme cases to Roche lobe
overflow.
At the start of the simulation, the domain is empty of particles. Then neutral H atoms are
launched with the rate of 600 metaparticles per second into the simulation domain from the inner
boundary Rib. All particles are represented by so-called metaparticles, each corresponding to
Nm real particles. Protons and neutrals always have the same weights, but Nm can change for
different inner boundary and stellar wind densities, i.e., it differs from simulation to simulation.
The local hydrogen density determines the probability that a particle is launched at a specific
location on the inner boundary. The velocity of a particle is also random and taken from the
probability distribution proportional to (n × v) exp(−a|v|2), where n is the surface normal, v
is the velocity of the particle, and a = m/2kTib. Here m is the mass of a neutral H atom, k
is Boltzmann’s constant, and Tib is the temperature at the inner boundary. Although the used
distribution is not a Maxwellian, the flux through a surface gives a Maxwellian distribution at
the location (30) with the particle flux through the surface of nib/
√
pia and a total production
rate (4) of nibR2ib
√
8pikTib/m s−1. Here nib denotes the inner boundary density.
The protons’ velocities are obtained from a Maxwellian distribution with the temperature
Tsw and bulk velocity vsw. A uniform stellar wind eventually builds up in the x-“shadow” cells
just outside the simulation domain, and is then moved into the domain. The relative velocity
at the planet, vrel, is related to the stellar wind velocity and the planet’s orbital velocity by
vrel = vsw + vpl. The protons cannot penetrate inside a planetary magnetosphere. When
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they reach the magnetosphere boundary, they can be reflected or rejected from the simulation
domain.
Trajectories of all particles are numerically integrated with the time step of 25 seconds
according to all forces acting on an atom or a proton. The time advance of the particles from
time t to time t + ∆t, is done using the symplectic integrators derived by Candy and Rozmus
(27),
x ← x + ck∆tv,
a ← a(x, t),
v ← v + dk∆ta,
t ← t+ ck∆t,
(2)
for k = 1, . . . n. Here x are the particle positions, v the velocities, and a(x, t) the accelerations.
The coefficients ck and dk can be found in Candy and Rozmus (27). The global order of accuracy
is n, and n = 2 corresponds to the Leapfrog method. In this work we have used n = 4.
After each time step, the positions of the particles are checked, and the particles located in
the same cells undergo hard sphere collisions. All collisions are modelled by using the DSMC
method. The applied collision crossections for protons and hydrogen atoms (34) σH+−H and
for hydrogen atoms (32) σH−H are 2× 10−19 m2 and 10−21 m2, respectively.
The total collision frequency νc in a volume is (4,26)
1
2
nνc =
1
2
n2σvr. (3)
In Eq. 3 n is the total number density of all species, σ is the total collision crossection, and vr is
the relative velocity between the particles. The bar stands for average. For each pair of particles
the collisional probability is proportional to σvr. For each cell, n is estimated by NpNm/Vc,
where Np is the number of particles in the cell and Vc is the cell volume.
To reduce the calculation time, which is proportional to N2p , the averages are not directly
computed. Instead a maximum value (σvr)max is estimated and used in Eq. 3 to compute the
number of trials (30). For each trial a random pair is taken, and a random number N , in the in-
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terval [0, (σvr)max], is computed. If (σvr)max > N for the chosen pair, the collision is accepted.
The random pair above is uniformly distributed if Nm is the same for all particles, which is
always fulfilled in all performed simulations.
charge exchange between stellar wind protons and exospheric hydrogen atoms takes place
outside a conic shaped obstacle that represents the magneto-ionopause of the planet:
x = Rs
(
1− y
2 + z2
R2t
)
(4)
Here Rs stands for the magnetosphere or planetary obstacle stand-off distance and Rt for the
width of the obstacle. Since the obstacle shape and location depend strongly on the planetary
magnetic field strength, one may model the interaction of the stellar wind with magnetized as
well as with non- or weakly magnetized planets by the appropriate choice of Rs and Rt.
The obstacle is rotated by an angle of arctan(vpl/vsw), to account for the finite stellar wind
speed relative to the planet’s orbital speed.
Post-Processing And Lyα Attenuation
After the hydrogen corona around HD 209458b is simulated, we calculate the Lyα in-transit
attenuation. At this stage one has to take into account spectral line broadening.
Real spectral lines are never absolutely “sharp”. This is related to several broadening mech-
anisms:
1. natural broadening;
2. collisional broadening;
3. Doppler or thermal broadening.
The “natural line width” is a result of quantum effects and arises due to the finite lifetime
of an atom in a definite energy state. A photon emitted in a transition from this level to the
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ground state will have a range of possible frequencies: ∆f ∼ ∆E/h¯ ∼ 1/∆t. The distribution
of frequencies can be approximated by a Lorentzian profile.
Collisional broadening is caused by the collisions randomizing the phase of the emitted
radiation. This effect can become very important in a dense environment, yet above the exobase
it does not play a role and is important only below Rib.
The third type of broadening, which plays a significant role in the upper atmosphere of a
“Hot Jupiter”, is thermal broadening. If f0 is the centroid frequency of the absorption line,
the frequency will be shifted due to the Doppler effect. Combining Doppler shift with the
Maxwellian distribution of vx, one can obtain a Gaussian profile function, which is decreasing
very rapidly away from the line center.
The combination of thermal and natural (or collisional) broadening is described by the Voigt
profile, which is the convolution of the Lorentz and Doppler profiles.
In the present study an analytical solution for the absorption profile cannot be obtained, since
it is not only thermal atoms that contribute to the broadening. The presence of a non-thermal
population of hot atoms (ENAs and atoms accelerated by the radiation pressure) changes the
picture. Mathematically it means that the line width cannot be described by the Voigt pro-
file anymore. We calculate the natural broadening for all atoms and bin it by velocity, which
automatically gives us the Doppler broadening for a particular velocity distribution.
After a hydrogen cloud is simulated and by knowing the positions and velocities of all the
hydrogen metaparticles at a certain time, we compute how these atoms attenuate the stellar Lyα
radiation by using a post-processing software written in Python programming language. The
velocity spectrum can then be converted in a frequency via the relation
f = f0 + vx/λ0 (5)
with f0 = c/λ0, λ0 = 1215.65 × 10−10 m. To compute the transmissivity along the line-of-
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Fig. S2. Computation of the Lyα transmissivity for the simulation domain. For each “pixel”
(arrow marked by yi, zi) the attenuation as a function of velocity (wavelength) is computed. The
attenuation equals unity for pixels covering the planet.
sight (LOS) we follow the approach of Semelin (40), where the relation between the observed
intensity I and the source intensity I0 as a function of frequency f can be written as
T = I/I0 = e
−τ(f) = e−σ(f)Q. (6)
Here τ = σ(f)Q is the frequency dependent optical depth, Q is the column number den-
sity of hydrogen atoms and σ(f) is the frequency dependent crossection, which depends on
the normalized velocity spectrum, the Lyα resonance wavelength and the natural absorption
crossection in the rest frame of the scattered hydrogen atom (38). The quantity T is called the
transmissivity.
If we have now a hydrogen cloud in front of a star, the transmissivity of the stellar spectrum
can be computed as illustrated in Fig. S2 where the yz-plane is discretized into a grid with Nc
cells. For each cell in the grid along lines of sight in front of the star (y2+z2 < R2st), the velocity
spectrum of all hydrogen atoms in the column along the x-axis can be calculated. We assume
the observer is at an infinite distance, and that the emission is uniform over the stellar disc, as
seen by the observer. Then the transmissivity can be averaged over all columns in the yz-grid
except those particles which fall outside the projected limb of the star or inside the planetary
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disc. The average transmissivity is then calculated as
T¯ (f) =
1
Nc
Nc∑
i=1
Ti(f). (7)
For lines-of-sight in front of the planet (y − yp)2 + (z − zp)2 < R2pl, where (yp , zp) is the
planet center position, we set Ti = 0 (zero transmissivity). The average transmissivity is then
applied to the observed out-of-transit spectrum I0 yielding the modelled in-transit spectrum
Im(f) = I0(f)T¯ (f). (8)
The frequency dependent crossection is defined by:
σ(f) =
∫ +∞
−∞
uˇ(vx) σN [(1 + vx/c)f ]dv [m
2], (9)
where uˇ(vx) is the normalized velocity spectrum along the LOS, so that
∫ +∞
−∞ uˇ(vx)dvx = 1, c -
the speed of light.
The natural absorption crossection in the rest frame of the scattered hydrogen atom is taken
according to Peebles (38)
σN(f) =
3λ2αA
2
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8pi
(f/fα)
4
4pi2(f − fα)2 + (A221/4)(f/fα)6
[m2] (10)
Here fα = c/λα with λα = 1.21576 × 10−7 m the Lyα resonant wavelength and A21 =
6.265× 108 s−1 the rate of radiative decay from the 2p to the 1s energy level.
Multiplying σ(f) with Q, the optical depth is computed directly without normalizing the
velocity spectrum:
τ(f) =
∫ +∞
−∞
u(vx) σN [(1 + vx/c)f ]dv. (11)
The expression for the natural absorption crossection given in Eq. 10 is approximated by the
Lorentzian profile
σN(f) = f12
pie2
mec
∆fL/2pi
(f − fα)2 + (∆fL/2)2 , (12)
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where f12 = 0.4162 is the Lyα oscillator strength, e is the elementary charge, me is the electron
mass, and ∆fL = 9.936×107 [s−1] is the natural line width (40). We used the crossection from
Eq. 12 to include the contribution of broadening to the absorption.
If we disregard natural broadening, we can approximate the crossection by a delta function.
Then the optical depth is directly proportional to the velocity spectrum, and can be approxi-
mated by
τ(f) ≈ Cu[λα(fα − f)], where C =
∫ ∞
−∞
σN [(1 + vx/c)f ]dvx. (13)
We used Eq. 13 to compute spectra without broadening to study the absorption caused by the
atmosphere and ENAs alone.
To account for the contribution of the lower atmosphere, a Maxwellian velocity spectrum
corresponding to a hydrogen gas with a specified column density and temperature, is added to
all pixels inside the inner boundary Rib. The atmospheric spectrum uatm(vx) is added to u(vx)
in Eq. 11. We assume an isothermal atmosphere with density and temperature given at Rib.
Then the density as a function of as a function of radial distance from the center of the planet,
r, inside Rib is given by
n(r) = n(Rib) exp (−(r −Rib)/H) , H = kTib
mg
. (14)
HereH is the scale height. The gravitational acceleration g is computed atRib as g = GMpl/R2ib.
The probability function for one velocity component is taken from a Maxwellian distribution.
The column density q of the atmosphere is computed by numerical integration of Eq. 14 along
the LOS inside Rib. The probability function for one velocity component for a Maxwellian gas
is (40)
p(vx) =
1√
pivt
exp(−v2x/v2t ), with vt =
√
2kTib/m (15)
The contribution of the atmosphere to the spectrum is then uatm(vx) = qp(vx).
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Numerical Issues
One of the numerical challenges we had when modelling the hydrogen cloud around HD 209458b
was the large amount of computing power required.
In the above computations the data structure used is a three dimensional array corresponding
to the (v, y, z) coordinates, with cell sizes ∆v, ∆y, and ∆z. Since we are averaging the exponent
of the optical depth (Eq. 6), the sampling is very important and all weight in one bin is very
different from having it spread out, so that absorption computed for two particles with half-
weight in neighbouring cells does not equal absorption computed for only one particle with full
weight in one of the cells. Insufficient computing power decreases the maximum number of
metaparticles, increases their weight and prevents the presence of metaparticles in all velocity
bins and spatial cells.
If there are few ENA metaparticles, one has to have a large spatial cell size (pixel size) and
large velocity bin size. For each velocity bin the cloud of particles should be continuous. Gaps
in the cloud lead to bad statistics and unphysical effects (for example, less transmissivity for
higher densities). One has to plot the cloud for each velocity bin to make sure that the statistics
are good enough (i.e., the cloud is continuous).
Essentially, in the cloud, each u(v, y, z) bin has to have particles in it to get good statistics.
The discrete approximation (Eq. 7) of the average transmissivity will approach the correct so-
lution when the cell size approaches zero and the number of particles approaches infinity. This
represents a tradeoff between the errors from the finite cell size and the number of particles.
Given a situation with continuous clouds of particles in each velocity bin, one has to increase
the number of particles by a factor of 8 if the cell size (∆v, ∆y, and ∆z) is reduced by a factor
of two. One way of increasing the number of particles is to average the solution over many time
steps. The distance in time between the solutions used should then be large enough to avoid too
much correlation between the solutions. Another way to improve the statistics is to use a more
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accurate deposit of the particles onto the (v, y, z) grid. At the moment, particles are deposited in
the cell according to the Cloud in cell (CIC) algorithm, where each particle is viewed as a cloud
of particles with the same size as the cell. We only apply CIC for the spatial coordinates, (y, z).
In practice each particle weight will then be distributed to four cells. This is a self consistent
smoothing of the solution and should improve statistics. Even higher order deposits should be
possible.
Another numerical issue arises from the integration of Eq. 11, since the natural absorption
crossection, σN(f), is a very peaked function, approaching a delta function. This requires a very
fine velocity grid when numerically integrating Eq. 11. Using the cell width, ∆v, as the step in
the integration gives a too coarse grid, since ∆v has to be large enough to get good statistics,
as explained above. The solution is to upsample u(v) in Eq. 11 before doing the numerical
integration. In the present study we used upsampling before computing the Lyα absorption
(usually by a factor not less that 400) and downsampling afterwards.
Resampling algorithms are used in signal processing and usually denote the change of the
sampling rate of the signal. The upsampling factor n is usually an integer or a rational fraction
greater than unity. The sampling rate is multiplied by this factor. In the present case, it was
used for resampling on the velocity grid. By upsampling, n − 1 additional points are inserted
into an array of values, afterwards the interpolation is fulfilled. This increases the number of
metaparticles for processing by n. Downsampling is performed after the Lyα absorption is
computed to make the further processing of the array easier.
Simulation Parameters
HD 209458 is a G0V Sun-type dwarf star with an age comparable with that of the Sun (4±2 Gyr).
Since many parameters of HD 209458 are unknown, this similarity allows one to scale the
known solar values from 1 AU to the orbital location of HD 209458b at 0.047 AU (e.g., photo-
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and electron impact ionization rates). We have therefore used the solar wind parameters for the
estimation of HD 209458’s stellar wind density, temperature and velocity. Since HD 209458
is a Sun-type star, it is possible that its wind, radiation parameters and magnetic field strength
change within an activity cycle similar to the solar cycle. However, there is little known about
the existence, amplitude and period of cycles on other solar-like stars. The measurements
performed for some tens of targets show that approximately 61% of the observed stars were
cycling (36). It would also be very difficult to constrain the phase of the cycle when the ob-
servations were made. Because of this, the mean solar wind values for 0.047 AU with slightly
increased stellar wind velocity were used (39). We increased the stellar wind velocity since as
we show below, the observation cannot be fitted with slower stellar wind. However, the assumed
value is still in the range for the slow solar wind (39). For comparison, the standard upstream
parameters can also be found in (25).
For a Sun-type star, electron impact ionization plays a significant role only for planets lo-
cated very close to their host stars (12). However, this type of ionization was disregarded in all
previous studies for HD 209458b. In this study, we used the solar values scaled to the appropri-
ate distance from the star. Fig. S3 illustrates the dependence of various ionization rates in the
vicinity of the Sun on the distance. We have adopted an electron impact ionization rate τei at
0.047 AU of ∼ 1.25 × 10−4 s−1 according to the chosen stellar wind density of 5 × 109 m−3.
The photon ionization rate τpi at 0.047 AU was chosen the same way (12) and is equal to
∼ 6.0× 10−5 s−1.
To model the interaction between the upper atmosphere of an exoplanet and the stellar wind
one obviously needs some input parameters for the planetary atmosphere. In the current study,
the computational domain includes the upper layers of the atmosphere. We start at the level of
2.8 Rpl. At these altitudes we assume the atmospheric composition is mainly atomic hydrogen,
although the other species are also present in small amounts (23, 35). We took the hydrogen
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Fig. S3. Ionization rate β(s−1) (defined in the present paper as τ ) as a function of heliocentric
radial distance r(AU) for ionization of H and He by electron impact, photon impact and charge
transfer (12). Electron impact ionization rates (defined in the present paper as τei) are shown for
the temperature profile and both density profiles given in Fig. 1b (12) (see Fig. 1a (12)).
density and temperature at the inner boundary level from the atmosphere model (23), which
is a sophisticated photochemical-hydrodynamical model of the thermosphere of HD 209458b.
This model solves the set of hydrodynamic equations for a XUV heated and expanded upper
atmosphere composed of several neutral and ionized species. The results of this model can be
considered accurate only in the regions where Knudsen number Kn = Λ/h < 1, where Λ
is the mean free path and h is the local density scale height, i.e. in the collision-dominated
atmosphere. This model also confirms that molecules dissociate near the 1 µbar level, so that
there is no need to include complex molecular chemistry above this level, and also predicts
that a significant fraction of the hydrogen remains neutral at least up to 3Rpl level, which is in
agreement with our assumptions made for the exosphere in the present work. The model (23)
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predicts an upper limit of 8× 103 K for the mean (pressure averaged) temperature below 3Rpl,
with a typical value of 7×103 K and a lower limit of 6×103 K based on the average solar XUV
flux at 0.047 AU. For that reason, the inner boundary temperatures used in the simulations
were fixed in this range. Inner boundary hydrogen density was varied in the range of ∼1.0–
4.0×1013 m−3. In our best fit, we set the inner boundary temperature to 6× 103 K and the inner
boundary density to 2.0 × 1013 m−3 to avoid overabsorption due to spectral broadening (see
description below), but temperatures up to 8× 103 K are not excluded.
The physical parameters and values used in the simulation which showed the best agreement
with the observations (best fit parameters) are presented in Table S2. Numerical parameters
related to the code are presented in Table S3. These parameters were used also in the other
simulations unless otherwise noted. The corresponding calculated Lyα in-transit spectrum with
and without broadening in comparison to the observation is shown in Fig. S4.
In case of HD 209458b, the self-shielding effect significantly diminishes the acceleration
by radiation pressure and photoionization of neutral hydrogen atoms (9), and decreases the
length of the accelerated neutral hydrogen tail behind the planet. Self-shielding means that
the medium becomes optically thick in Lyα, which prevents the UV photons from penetrating
inside the deeper layers and interacting with hydrogen atoms. In the present study, we do not
include either UV scattering or photoionization in the atmosphere belowRib, which is protected
from the UV radiation by the upper atmosphere. However, self-shielding is also important in
the exosphere where we introduce a corresponding exponential weakening factor. This factor
is defined by the optical depth towards the star. We estimated the value of the self-shielding
parameter from a run with full radiation pressure acceleration. According to this estimate,
the neutral hydrogen tail of HD 209458b stays optically thick in Lyα up to the distance of
20 Rpl (Fig. S5). For this reason we chose this value as self-shielding parameter in our best fit
simulation. Inside this sphere, the probability for a UV photon to be scattered on an exospheric
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Table S2. Default values of physical parameters (best fit), and values of constants used in the
simulations, unless otherwise noted.
Name Symbol Value
Star mass Mst 2.28× 1030 kg ≈ 1.148 MSun
Planet radius Rpl 9.54× 107 m ≈ 0.71 MJup
Planet mass Mpl 1.21× 1027 kg ≈ 1.38 RJup
Orbital distance 7.1× 109 m ≈ 0.047 AU
Angular velocity Ω 2× 10−5 rad/s
Inner boundary radius Rib 2.7× 108 m ≈ 2.8 Rpl
Inner boundary temperature Tib 6× 103 K
Inner boundary density nib 2× 1013 m−3
Obstacle standoff distance Rs 2.76× 108m ≈ 2.9 Rpl
Obstacle width Rt 2.86× 108m ≈ 3.0 Rpl
H-H crossection 10−21 m2
H-H+ crossectiona 2 · 10−19 m2
UV absorption rate τrp velocity dependent see Fig. S1
Photoionization rate τpi 6.0× 10−5 s−1
Electron impact ionization rate τei 1.25× 10−4 s−1
Stellar wind density nsw 5× 109 m−3
Stellar wind velocity usw 400× 103 m/s
Stellar wind temperature Tsw 1.1× 106 K
aEnergy dependent (34). The appropriate value for considered energies of protons is chosen.
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Table S3. Default numerical parameter values used in the simulations (best fit), unless other-
wise noted.
Name Symbol Value
xmin −6× 109m
xmax 2× 109m
ymin −5× 109m
ymax 5× 109m
zmin −3.5× 109m
zmax 3.5× 109m
Number of particles per metaparticle (best fit) Nm 2.58132× 1032
Number of cells (best fit) Nc 1.825× 107
Final time tmax 105s
Time step ∆t 25 s
neutral is exponentially decreased and equals zero at the level of Rib.
For comparison, we show also a spectrum calculated with the same parameters, but with
a weaker self-shielding factor of only 10 Rpl (Fig. S6). As can be clearly seen, a smaller
self-shielding factor (i.e., stronger acceleration by the radiation pressure) leads to strong over-
absorption and does not allow us to reproduce the observation. The velocity spectrum shows a
wider main peak shifted towards negative velocities.
Influence of Changing the Parameters
In this section, we discuss the influence of changing the parameters and calculate for each
simulation, the chi-squared goodness of fit as χ2 =
∑
i
(Mi−Oi)2
Oi
, where Oi is the observed
value of one particular point, and Mi is the calculated value at the same point of the modelled
absorption curve. The summation is made over the number of analysed data points in the
observation. The observational error is not taken into account. Our best fit has a χ2 of 0.081.
1. Broadening: as discussed above, natural (and Doppler) broadening is the most important
mechanism in the upper atmosphere of HD 209458b because of the low collision rate
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Fig. S4. Left panel: comparison of modelled and observed Lyα spectra at mid-transit. The
region of geocoronal emission at low velocities is excluded because of contamination. The
velocity spectrum is converted in a frequency via Eq. 5. Blue and red lines here and in all
figures below: blue, the observed profile during the transit, normalized by the out-of-transit
profile. Red, the modelled profile, computed including charge exchange, radiation pressure
with self-shielding, photo- and electron impact ionization, and natural broadening (best fit,
χ2 ≈ 0.081). Green, the same as red, but excluding broadening (χ2 ≈ 0.139). The abscissa in
all figures is the hydrogen velocity along the x axis (positive away from Earth, towards the star).
One can clearly see that natural broadening contributes on both wings of Lyα line, while other
effects contribute to the absorption on the blue wing produced by atoms moving away from the
star. Right panel: the corresponding velocity spectrum along the x axis. Here and in all figures
below the velocity spectrum of the best fit is plotted with the red line.
between neutral hydrogen atoms. This mechanism is the only one that can explain the
presence of absorption also in the right wing of the Lyα line, which is in accordance with
earlier work (3). We can illustrate this by comparing in-transit spectra calculated with
(Fig. S4, red line) and without (Fig. S4, green line) broadening. As one can see, without
broadening, for the same velocity spectrum, the red wing of the modelled Lyα line shows
practically no absorption, which contradicts the observation. Below we discuss separately
density and temperature, which influence the absorption depth defined by broadening. As
it was described above, we separately add the contribution from the lower atmosphere to
the transmissivity.
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2. Density: density determines the influence of broadening (see Eqs. 6 and 13) and influ-
ences the depth of the absorption. A higher density also means presence of additional
atoms undergoing acceleration by radiation pressure. Increasing the density leads to an
increase of the optical depth, which in turn leads to a wider spectral line. Fig. S7 illus-
trates the influence of density. As one can see, increasing the inner boundary density from
2 × 1013 m−3 by a factor of two to 4 × 1013 m−3 leads to significant overabsorption in
the blue part of the modelled Lyα line. While the red part can be fitted inside the error
bars using both densities, we conclude that a density of 2× 1013 m−3 at Rib = 2.8Rpl can
better reproduce the observation in the blue wing. We conclude also that Lyα observa-
tions can be used to determine the density in exoplanetary upper atmospheres at the time
of transit, since they can be fitted only in a narrow parameter range.
3. Temperature: temperature influences the Doppler velocity spread, and, thus, broadening
and changes the corresponding Lyα absorption in a similar way to density. Increasing
the temperature leads to a corresponding increase in the absorption depth (Fig. S8). As
illustrated in Fig. S8, the modelling is not as sensitive to the temperature change as it is
to the density change. This leads us to the conclusion that the temperature at the time
of observation was probably in the range of 6 × 103 K < Tib < 8 × 103 K, which is in
agreement with atmospheric models (23). However, our modelling does not allow us to
strictly constrain the upper atmosphere temperature.
4. Obstacle shape: the shape of the magnetospheric obstacle influences the modelling re-
sults quite significantly. In the main part of the article we have stated that the modelling
can be used to determine the magnetic properties of HD 209458b and to estimate its mag-
netic moment. Fig. S9 illustrates the role played by the obstacle shape. As one can see, a
bigger magnetosphere defined by a stronger magnetic field leads to a stronger magneto-
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spheric protection of the atmosphere and, hence, to a corresponding increase of neutrals.
The stronger magnetic field diminishes the production of ENAs and the electron impact
ionization. Since these atoms undergo acceleration by the radiation pressure, an overab-
sorption in the blue wing of the Lyα arises (Fig. S9, green line) and the observation cannot
be reproduced anymore. From the results of the modelling we conclude that HD 209458b
has most likely a magnetic moment of about 10% ofMJup, or the magnetic moment of
Jupiter, which is required to fit the observation.
5. Radiation pressure and self-shielding parameter: it was shown (9) that since the upper
atmosphere of HD 209458b is optically thick to Lyα, not all of the neutral hydrogen
atoms in the vicinity of the planet can undergo acceleration by the radiation pressure, but
only those located in the optically thin shell at the cloud’s boundary. Our modelling is
in agreement with these results. For illustration we show the modelled hydrogen clouds
(Fig. S5) and corresponding calculated Lyα in-transit and velocity spectra (Fig. S6). In the
absence of self-shielding, the entire atmosphere above Rib is accelerated, forming a very
long cometary-like tail, which is ionized by the electrons of the stellar wind outside the
magnetic obstacle. Inside the magnetosphere, the neutrals are ionized only by the stellar
UV radiation, which is not strong enough to prevent overabsorption. The presence of such
a large number of accelerated neutral hydrogen atoms leads to strong overabsorption and
makes it complete impossible to reproduce the observation with any other parameters in
a physically realistic range.
6. Stellar wind density and velocity and the role of ENAs: the influence of ENAs on the
absorption is defined by several parameters. First, by the stellar wind velocity, which
we assume to have a Maxwellian distribution to which the ENA distribution is propor-
tional. This leads to the coincidence of the maxima in the velocity spectrum for these
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two distributions. Assuming a slow stellar wind shifts the ENAs population into the ve-
locity domain of interest (restricted to −200 ≤ vx ≤ 200 km/s, since the observation
becomes too noisy beyond). Second, the stellar wind and exosphere density play a role
defining the maximum possible number of ENAs that can form. A strong magnetic field
provides an effective shielding of the upper atmosphere from the stellar wind electrons
and prevents charge exchange with stellar wind protons. However, it increases also the
number of neutrals accelerated by the radiation pressure and causes overabsorption (see
discussion about magnetospheric properties above). Fig. S10 illustrates the influence of
the previously mentioned parameters on the modelled absorption spectrum. It shows the
influence of decreased stellar wind velocity (green line), magnetic boundary (black line),
and decreased stellar wind density and velocity (cyan line) on ENA production and the
modelled spectrum. As one can see, for any of the considered parameter ranges, the
observation cannot be reproduced if one assumes a slow stellar wind velocity. Fig. S11
presents two corresponding hydrogen clouds around HD 209458b. The bigger tilt of the
magnetic obstacle is caused by the smaller ratio of the stellar wind velocity to the orbital
velocity of HD 209458b.
7. Numerical parameters, the role of the velocity grid and upsampling parameter: as
noted above, numerics plays a significant role and should be treated cautiously to avoid
unphysical results. As illustration, we show in Fig. S12 three velocity and corresponding
Lyα attenuation spectra calculated with best-fit physical parameters. The best fit was ob-
tained with a fine velocity grid and high upsampling parameter (400). The green line in
the left panel of Fig. S12 shows the calculation for a very low upsampling parameter (2).
As one can see, the discontinuity of the cloud leads to a decrease of the absorption in the
red part and increase in the blue part. The black line in Fig. S12 shows the Lyα transmis-
sivity calculated for a coarse velocity grid (20 bins), whereas the best fit was calculated
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with binning to 301 bins. As one can see, a coarser grid leads to significant overabsorp-
tion and unphysical results. In our simulations, we have chosen the upsampling parameter
of 400 as the one higher than the saturation value (i.e., the value above which the result
stops being sensitive to changes in the upsampling parameter). The same is true for the
number of velocity and spatial bins. However, the influence of the spatial grid is of less
importance, and therefore a lower parameter can be chosen.
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Fig. S5. Top: comparison of modelled neutral hydrogen clouds around HD 209458b with (right
panel) and without (left panel) self-shielding. Presented are slices of the modelled 3D atomic
corona around the planet for −107 ≤ z ≤ 107 m. Blue and red dots correspond to neutral
hydrogen atoms and hydrogen ions, which include stellar wind protons, respectively. The black
dot in the center represents the planet. The white empty area around the planet corresponds to
the XUV heated thermosphere up to the height Rib. Bottom: the corresponding column density
with (right panel) and without (left panel) self-shielding.
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Fig. S6. Left panel: the green line shows the best fit model (see the caption of Fig. S4), but with
a smaller self-shielding parameter equal to 10Rpl (χ2 ≈ 0.300). The black line shows the case
of no self-shielding (χ2 ≈ 1.544). Right panel: the corresponding velocity spectra along the
LOS. As can be seen without self-shielding the bulk atmosphere undergoes acceleration by the
stellar UV radiation.
Fig. S7. Left panel: the green line shows the best fit model, but with the inner boundary density
increased by a factor of two from 2× 1013 m−3 to 4× 1013 m−3 (χ2 ≈ 0.181). Right panel: the
corresponding velocity spectra along the LOS.
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Fig. S8. Left panel: the green line shows the best fit model, but with the inner boundary
temperature of 8 × 103 K (χ2 ≈ 0.103). Right panel: the corresponding velocity spectra along
the LOS.
Fig. S9. Left panel: the green line shows the best fit model, but with increased substellar
distance Rs = 4 and increased obstacle width Rt = 6 (χ2 ≈ 0.558). Right panel: the corre-
sponding velocity spectra along the LOS.
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Fig. S10. Illustration of the slower stellar wind with vsw = 50 km/s. Left panel: the green line
shows the best fit model, but with vsw = 50 km/s (χ2 ≈ 1.383). The magnetic obstacle is located
at the same distance as in the best fit. The black line illustrates the model for vsw = 50 km/s and
a big magnetosphere with Rs = 10Rpl and Rt = 15Rpl (χ2 ≈ 2.140). The cyan line illustrates
the influence of the the stellar wind density, which is decreased to nsw = 109 m−3 (χ2 ≈ 0.267).
vsw = 50 km/s. Right panel: the corresponding velocity spectra along the LOS. The gap in the
velocity spectrum with slow stellar wind near the main peak comes from the radiation pressure
since the atoms in this velocity domain have the highest UV absorption rates (Fig. S1).
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Fig. S11. Comparison of modelled neutral hydrogen clouds around HD 209458b with slow
stellar wind of 50 km/s. Presented are slices of modelled 3D atomic corona around the planet
for −107 ≤ z ≤ 107 m. Blue and red dots correspond to neutral hydrogen atoms and hydrogen
ions, which include stellar wind protons, respectively. The black dot in the center represents the
planet. The white empty area around the planet corresponds to the XUV heated thermosphere up
to the height Rib. Left panel: Rs = 10 Rpl, Rt = 15 Rpl (for corresponding spectum see black
line in Fig. S10). Right panel: additionally decreased stellar wind density of nsw = 109 m−3
(see cyan line in Fig. S10). All other parameters are taken from the best fit.
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Fig. S12. Left panel: the green line shows the best fit model, but calculated for a low upsampling
parameter (2) and a fine velocity grid. The black line illustrates the result obtained assuming
a low upsampling parameter (2) and a coarse velocity grid (20 bins instead of 301 used in the
best fit), χ2 ≈ 4.954. Right panel: the corresponding velocity spectra along the LOS for fine
and coarse velocity grids.
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